Aging is the progressive shrinkage of the homeodynamic space. A crucial component of the homeodynamic space is the stress response (SR), by virtue of which a living system senses disturbance and initiates a series of events for maintenance, repair, adaptation, remodeling and survival. Here we discuss the main intracellular SR pathways in human cells, and argue for the need to define and establish the immediate and delayed stress response profiles (SRP) during aging. Such SRP are required to be established at several age-points, which can be the molecular biomarkers of homeodynamic space and the health status of cells and organisms. SRP can also be useful for testing potential protectors and stimulators of homeodynamics, and can be a standard for monitoring the efficacy of potential pro-survival, health-promoting and aging-modulating conditions, food components and other compounds. An effective strategy, which makes use of SRP for achieving healthy aging and extending the healthspan, is that of strengthening the homeodynamics through repeated mild stress-induced hormesis by physical, biological and nutritional hormetins. Furthermore, SRP can also be the basis for defining health as a state of having adequate physical and mental independence of activities of daily living, by identifying a set of measurable parameters at the most fundamental level of biological organization.
Introduction
A fundamental characteristic of all living system is the ability to respond, counteract, and adapt to internal and external sources of disturbance. This ability is traditionally termed as homeostasis, which is a somewhat misleading term since there is little or no constancy in living systems. Rather it is the dynamic equilibrium of continuous changes and remodeling that determines survival, and for which the term homeodynamics (Yates, 1994) is better suited to expound the continuity of growth, development and aging. The term homeodynamics has been further modified to homeodynamic space as indicative of the overall survival ability and the buffering capacity of a biological system (Holliday and Rattan, 2010; Rattan, 2006 Rattan, , 2007 Rattan, , 2011 .
One of the crucial components of the homeodynamic space is the stress response (SR), by virtue of which a living system is able to sense disturbance, and initiates a series of events for maintenance, repair, adaptation, remodeling and survival. There are three main aspects of SR: (1) immediate SR involving extra-and intracellular signaling during the period of disturbance and exposure to stressors; (2) delayed SR involving sensors and modulators in the presence of stressors or after the removal of stressors; and (3) downstream effectors for counteracting the effects of disturbance and for reestablishing homeodynamics. At present it is not known how these three steps are maintained interactively in terms of kinetics and intensity, and how these may alter during growth, development and aging. In order to develop novel and effective means of aging modulators and maintainers of homeodynamics, it is crucial to elucidate the nature and effects of immediate and delayed SR in cells and tissues undergoing aging.
In this article, we briefly review the main intracellular SR pathways in human cells, and discuss the urgency of defining and establishing the immediate and delayed stress response profiles (SRP) of normal cells. Such SRP are required to be established at several agepoints, and can be used as molecular biomarkers of homeodynamic space and the health status of cells and organisms. SRP can be very useful for testing potential protectors and stimulators of homeodynamics, and can be a kind of "gold-standard" for monitoring the efficacy of potential pro-survival, health-promoting and aging-modulating conditions and compounds.
pathways which are integral to the organismic property of homeodynamics (Table 1) . Based on the involvement of one or more molecular SR, higher order (cellular, organ level and body level) SR is manifested, which include apoptosis, inflammation, thermoregulation and hyper-adrenocorticism (Rattan and Demirovic, 2010a) . Not all pathways of SR respond to every stressor, and although there may be some overlap, generally SR pathways are quite specific.
The specificity of SR is mostly determined by the nature of the disturbance or the damage induced by the stressor and the variety of downstream effectors involved. For example, cytoplasmic induction of protein denaturation initiates the so-called heat shock response (HSR) by activating heat shock transcription factors (HSF), and by inducing the transcription and translation of several heat shock protein (HSP) genes (Liberek et al., 2008; Verbeke et al., 2001 ). However, unfolded proteins in the endoplasmic reticulum (ER) induce the unfolded protein response (UPR), and initiate the induction of synthesis of a totally different set of proteins and their downstream effectors, such as GRP78/BiP, GRP94/gp96, GRP170/ORP150, GRP58/ERp57, PDI, Erp72, calnexin, calretuculin , EDEM, Herp and other co-chaperones (Banhegyi et al., 2007; Lin et al., 2007; Ni and Lee, 2007; Yoshida, 2007) . Similarly, a mitochondria-specific SR involves the induction and activation of various other chaperones, such as chaperonin-10 (Cpn10/Hsp10), chaperonin-60 (Cpn60/Hsp60), and mortalin (Kaul et al., 2007; Zhao et al., 2002) .
Another well-known SR is the oxidative stress response, in which cells respond to oxidative stressors through the regulation of transcription of several antioxidant genes. The main regulator of this specific antioxidant phenotype is the nuclear factor-erythroid-2 (Nrf2) transcription factor, which regulates the basal and inducible expression of numerous detoxifying and antioxidant genes (Ishii et al., 2002) . Under normal conditions Nrf2 is held in the cytoplasm by the specific inhibitory protein KEAP1. Oxidative modification of cysteine residues of KEAP1 induces conformational changes and a loss of Nrf-2 binding, allowing Nrf2 to translocate to the nucleus where it heterodimerizes with specific co-factors, and leads to the transcription of various genes through the regulatory regions of antioxidant response elements Yamamoto et al., 2004) . Some of the genes activated by stress-induced activation of Nrf2 are heme-oxygenase1 (HO-1), NAD(P)H-quinone oxidoreductase-1 (NQO1), and GST mRNA and proteins in rodent tissues (Calabrese, 2008; Pearson et al., 2008) .
Activation of DNA repair enzymes in response to DNA damage is a SR which is essential for the maintenance of genomic stability (Hakem, 2008; Vijg and Campisi, 2008) . DNA damage response (DDR) involves a variety of transcription factors being translocated to the nucleus, binding the double-and single-strand DNA breaks, and activating the transcription of several DNA repair enzymes. Other SR involve activation of sirtuins causing deacetylation of histones and other proteins in response to reduced levels of metabolic energy (Longo, 2009; North and Sinclair, 2007) ; activation of NFkBmediated cytokine synthesis (Yeung et al., 2004) ; and the autophagy response which is the lysosomal-mediated and chaperone-mediated sequestering of damaged membranes and organelles induced during nutritional limitation, starvation, and hypoxia (Markaki and Tavernarakis, 2011; Martinez-Vicente et al., 2005; Terman et al., 2007; Yen and Klionsky, 2008) .
However, an induction of a specific SR pathway as the first response (immediate response) does not rule out the induction of one or more other SR pathways later on (delayed response). A complete and successful SR for effective homeodynamics and for the maintenance of the homeodynamic space includes both immediate and delayed SR. It is therefore important that all SR pathways are analysed simultaneously and a complete SRP is established under a given condition, such as age-, health-and disease status, and during and after exposure to single or multiple stressors.
Stress response profiles (SRP)
Determining SRP is essential for establishing the nature and extent of the homeodynamic space of cells, tissues and organisms. Furthermore, being able to map the kinetics and amplitude of different SR, and their effects on each other, can form the basis to evaluate the health status of an individual and to develop effective means of aging modulators and maintainers of homeodynamic space.
In Fig. 1 , two theoretical SRP are visualized for an idealized healthy young cell exposed to either heat shock (HS) or nutritional deprivation for a short period. Fig. 1A represents the virtual SRP in response to HS, in which HSR is the primary response and is set to reach the maximum in a given period of time. There is a large body of published data for HSR in various biological systems (Richter et al., 2010; Verbeke et al., 2001 ), but little is known with respect to the other SR pathways during and after HS. For a complete SRP, one needs to study the other six pathways in the same samples during the same duration and beyond. Obviously, not all pathways will respond equally in time and amplitude, and even some pathways may be suppressed due to the limitation of energy resources. For example, it has been proposed that autophagy may be triggered as a late response after exposure to HS (Zhao et al., 2009) . Similarly, whereas one can expect to see UPR, inflammatory response and sirtuin response to varying extents as delayed responses to HS, it is unlikely that any significant DDR may occur during or after HS (Richter et al., 2010) .
Another example of our theoretical SRP (Fig. 1B) , envisages the behavior of the stress pathways after nutritional deprivation, in which case the autophagic response is expected to be the primary response (Rabinowitz and White, 2010) . Autophagy is a conserved response initiated by the inhibition of the mammalian target of rapamycin (mTOR) complex, resulting in the formation of a membrane-encapsulated Table 1 Main molecular level stress response pathways and their respective inducers and effectors in human cells. Modified from Rattan and Demirovic (2010b vesicle, which eventually fuses with lysosomes and undergoes degradation (Markaki and Tavernarakis, 2011) . The mature vesicle, autophagosome, usually contains damaged and inactive organelles, misfoldedand aggregated-proteins, and other cytoplasmic components, which are not removed by the proteasomal degradation processes. During nutritional deprivation other stress pathways that are expected to be affected are the energy sensing pathway due to altered NAD/NADH ratio and increasing levels of sirtuins (Cantó et al., 2010) . Similarly, there is some indication that activation of autophagy often goes together with ER stress (Ravikumar et al., 2010) . The virtual SRP for HS and nutritional deprivation in Fig. 1 are examples of the interactive and co-dependency of SR pathways. Our experimental studies are now in progress to establish the factual SRP for normal human cells undergoing serial passaging and replicative senescence, using mild and severe HS, various extents of serum deprivation or by inducing nutritional stress-like conditions by rapamycin and caloric-restriction mimetics. Ideally, such SRP should be created for every SR pathway using a primary stressor specific for the pathway, followed by the immediate and delayed response elucidation of all other pathways.
As regards methodoligcal approaches, as an example, we expose normal human skin fibroblasts at different ages during their replicative lifespan in vitro (measured in terms of cumulative population doublings during serial passaging) to either mild (41°C) or severe (42.5°C) heat stress for 1 h, or to nutritional stress by reducing serum concentration (from 10% to 2% or 0%) in the medium for 24 h. At various times, cells are collected and prepared for protein analysis, using standard protocols for ELISA and Western blotting methods, and using appropriate antibodies in accordance with the list of molecular markers given in Table 1 . Since several of the early markers of SR are the transcription factors which mainly become translocated from the cytoplasm to the nucleus as the immediate SR, it is also important to document their translocation by immunofluorescence-microscopy. For quantitative estimation and cell population distribution, antibodies-associated fluorescence can also be analysed using a flow cytometer. A combination of ELISA and Western blotting, together with a visual documentation of transcription factor activation by immunofluorescencemicroscopy, can give sufficient information to generate the immediate SRP. However, at this stage, it is not essential to analyse the global gene expression by measuring the levels of hundreds or thousands of mRNAs using expensive gene array-based technologies, which may be useful for detecting late or delayed SR.
Basic knowledge of the SRP under normal healthy conditions, and at different age-points during the limited lifetime of cells and organisms, needs to be acquired as a reference. In a search for biomarkers of aging, much attention has been paid to single molecules, factors, or proteins which will either be up-or down-regulated with increasing age (Malavolta et al., 2010) . However, in order to address the issues of health, survival ability and longevity, it is important to elucidate various components of the homeodynamic space in a collective and holistic manner. Since the ability to respond to stress is a crucial component of the homeodynamic space, we suggest that the SRP can be a better biomarker of health and aging.
Stress, hormesis and hormetins
The consequences of stress can be both harmful and beneficial depending on the intensity, duration and frequency of the stress, and on the price paid in terms of energy utilisation and other metabolic disturbances. But the most important aspect of SR is that it is not monotonic with respect to the dose of the stressor. Rather it is almost always characterised by a nonlinear biphasic relationship. Several metaanalyses performed on a large number of papers published in the fields of toxicology, pharmacology, medicine, and radiation biology have led to the conclusion that the most fundamental shape of the dose response is neither threshold nor linear, but is U-or inverted U-shaped, depending on the endpoint being measured (Calabrese, 2007; Calabrese and Baldwin, 2001 ). This phenomenon of biphasic dose response is termed as hormesis (Southam and Ehrlich, 1943) . The key conceptual features of hormesis are the disruption of homeodynamics, the modest overcompensation, and the reestablishment of homeodynamics.
Hormesis in aging is characterised by the life-supporting beneficial effects resulting from the cellular responses to single or multiple rounds of mild stress (Rattan, 2008a) . This is figuratively represented in Fig. 2 that whereas the homeodynamic ability of a biological system is strengthened in a hormetic zone (H) during mild stress, chronic and severe stress results in the progressive weakening of homeodynamics and Fig. 1 . Virtual stress response profiles (SRP) comprising seven pathways in a healthy young cell. A stressor initially elicits a specific primary stress response, for example heat shock response by heat stress (A), and autophagic response by nutritional deprivation (B), followed by other responses, which may differ widely in terms of kinetics and amplitude. Fig. 2 . The homeodynamic ability of a biological system is affected by stress in a biphasic dose response manner, termed physiological hormesis. Lower levels of stress result in the strengthening of homeodynamics in a hormetic zone (H), and chronic and severe stress result in the weakening and disruption (D) of the homeodynamics leading to functional impairments, diseases and eventual death.
an increased zone of disruption (D) leading to functional impairments, diseases and eventual death. It is important to note that whereas the hormetic zone is usually small both with respect to the dose and the effect, its biological consequences can be cumulative, amplified and physiologically significant. All such conditions, which bring about biologically beneficial effects by causing mild stress, by activating one or more SR pathways and by strengthening the homeodynamics, are termed as hormetins (Rattan, 2008a; Rattan and Demirovic, 2010b; Rattan et al., 2009 ). Hormetins may be further categorized as: (1) physical hormetins, such as exercise, heat and radiation; (2) psychological hormetins, such as mental challenge and focused attention or meditation; and (3) biological and nutritional hormetins, such as infections, micronutrients, spices and other sources (Rattan, 2011) .
An example of stress-induced hormesis is the well-documented beneficial effects of moderate exercise as a hormetin, which initially increases the production of free radicals, acids and aldehydes (Landi et al., 2010; Radak et al., 2008) . Another frequent observation in studies of hormesis is that a single hormetic agent, such as HS or physical activity, can strengthen the overall homeodynamics of cells and enhance other activities such as tolerance to other stresses, by initiating a cascade of processes resulting in a biological amplification and eventual beneficial effects (Mattson, 2008; Rattan, 2008a) .
Various mild stresses that have been reported to delay aging and prolong longevity in cells and animals include temperature shock, irradiation, heavy metals, pro-oxidants, acetaldehyde, alcohols, hypergravity, exercise and food restriction (Le Bourg and Rattan, 2008) . Aging modulatory and other effects of hormesis have been reported for human cells. For example, using a regimen of repeated mild heat shock (RMHS) given to cultured normal human skin fibroblasts, keratinocytes, endothelial cells, and telomerase-immortalised bone marrow mesenchymal stem cells, we have reported a variety of hormetic effects. These effects include slowing down of cellular aging, some extension of replicative lifespan, maintenance of youthful morphology, reduction in the levels of oxidatively-and glycoxidatively-damaged proteins, stimulation of proteasomal activities, increased levels of chaperones, enhancement of stress tolerance, and improvement in differentiation, wound healing and angiogenesis (Rattan et al., 2009 ). Other hormetic conditions, which have been shown to have anti-aging effects in human cells are irradiation, mechanical stretching, and electromagnetic field shock (Demirovic and Rattan, 2011; Lima et al., 2011; Moskalev et al., 2011; Perez et al., 2008; Rattan, 2008b) .
Nutritional hormetins, especially those derived from plant sources, have generated much scientific interest for their health beneficial effects. This is because of the realization that not all chemicals found in plants are beneficial for animals in a simple and straightforward manner, but rather they cause molecular damage by virtue of their electrochemical properties and have a typical biphasic hormetic dose response (Balstad et al., 2011) . Although the exact nature of the initial molecular damage caused by such compounds may not be easily identified, an activation of one or more SR (Table 1) is a good indicator of the primary action of the compound. Some examples of nutritional hormetins involving HSR are phenolic acids, polyphenols, flavanoids, ferulic acid (Barone et al., 2009; Son et al., 2008) , geranylgeranyl, rosmarinic acid, kinetin, zinc (Berge et al., 2008; Son et al., 2008; Sonneborn, 2010) , and the extracts of tea, dark chocolate, saffron and spinach (Wieten et al., 2010) .
Conclusions
In this perspective article, we have argued that optimal SR is a crucial component of the homeodynamic ability of living systems, by virtue of which they initiate a series of events for maintenance, repair, adaptation and remodeling, which are essential for survival and for maintaining health. At the intracellular level, an induction of a specific SR pathway among the seven main pathways (Table 1) does not rule out the induction or suppression of other SR pathways later on. Furthermore, a complete and successful SR for effective homeodynamics and for the maintenance of the homeodynamic space includes both immediate and delayed SR. Therefore, it is important that all SR pathways are analysed simultaneously and a complete profile is established under a given condition, such as age-, health-and disease status, and during and after exposure to mild or severe stress, and single or multiple stressors. Such SRP can be the molecular and functional biomarker of homeodynamic space and help to define the health status of cells and organisms (Fig. 1) .
SRP can be of great value in establishing the biological criteria for defining health, which is so far not a well-defined concept. Often "health" is described either in the context of the absence of one or more diseases or as a vague concept of well-being, without having any objective measures for that. Although some parameters of frailty have been proposed (Fulop et al., 2010; Hubbard and Woodhouse, 2010; Montesanto et al., 2010) , measures of health largely remain undefined. Ideally, health can be defined as a state of complete physical and mental independence in activities of daily living, and being healthy implies having adequate physical and mental activities of daily living. However, this definition of health still requires identifying a set of measurable parameters at the most fundamental level of biological organization. Considering SRP as being one of the crucial components of the homeodynamic space provides a possibility to quantify health at the level of cells, tissues and the body. Most importantly, SRP can be useful for testing potential protectors and stimulators of homeodynamics for monitoring the efficacy of pro-survival, health-promoting and aging-modulating conditions, food components and natural and synthetic compounds.
